Plant based food contains a multiplicity of bioactive phytochemicals. These compounds are believed to contribute to the cancer protective effect of a diet high in fruit and vegetables.
Plant based food contains a multiplicity of bioactive phytochemicals. These compounds are believed to contribute to the cancer protective effect of a diet high in fruit and vegetables. 1, 2) One group of phytochemicals is the cyclooxygenase-2 (COX-2) inhibitors, which potentially can act as preventive agents against colon cancer. Such compounds and their derivatives may pass through the digestive system and reach the colon where they exert chemopreventive effects.
The water fraction of feces (fecal water) is believed to be in direct contact with the colonocytes, and its composition appears to be important for a healthy environment in the colon.
3) It is believed that the fecal water composition roughly reflects the food intake and that it contains a mixture of compounds that may prevent and promote cancer development. A favorable change in the composition of fecal water would consequently decrease the risk of developing colon cancer. 4) Fecal water is nowadays a common tool used in human intervention studies. It is used to test cellular responses in vitro in cell systems. [5] [6] [7] [8] Such studies have shown that fecal water can modulate several cellular parameters such as genotoxicity, proliferation and apoptosis, all of which are relevant for tumorigenesis. [9] [10] [11] Other human intervention studies have indicated that it is possible to alter the pH and the composition of bile acids in fecal water with a change in the diet. 3, 12) Another parameter that can be modulated by fecal water is the colonic COX-2 enzyme. We have recently shown that fecal waters from human volunteers inhibit COX-2 protein expression and prostaglandin E 2 (PGE 2 ) production in colonic cells. 13) COX-2 is the inducible form of two isoforms of cyclooxygenases, and it catalyzes the production of prostaglandins. This enzyme is not normally expressed in the colon, but it can be induced by growth factors, cytokines, tumor necrosis factor and lipopolysaccharides in situations of stress. [14] [15] [16] An over expression of COX-2 protein and an increased production of prostaglandins have been reported in patients with colon cancer, [17] [18] [19] and inhibition of the COX-2 enzyme has been a drug target over the past fifteen years. Today, there are several specific COX-2 inhibitors available on the market, but some of these synthetic drugs were recently reported to have severe side effects on the cardiovascular system. 20, 21) To characterize a complex mixture of metabolites such as fecal water, a comprehensive metabolite profiling method is required. Metabolomic profiling of complex extracts is not an easy task to perform since they usually display a wide range of structural diversity. Of the possible analytical methods used in metabolomics, NMR provides a rapid, reproducible method well suited for identification of many metabolites and it has several advantages compared to other methods. It is not only the high information content of the resulting spectra for chemical structures but also the convenience in practical aspects such as high reproducibility of NMR chemical shifts, the easy comparison of relative amount of metabolites and less requirements of pre-separation steps needed before analysis. In addition, a broad range of metabolites could be detected at the same time, when the concentration is above a certain level. The range of compounds that can be analyzed is not limited by their volatility, the presence of a chromophore, or the polarity. To handle and analyze the huge amounts of data generated by NMR-based metabolomics multivariate and pattern recognition techniques are important tools. Principal component analysis (PCA) is an unsupervised clustering method requiring no knowledge of the data set and acts to reduce the dimensionality of multivariate data while preserving most of the variance within it. 22) NMR metabolomic methods have previously been used both for studies of plant material and of human biofluids. [23] [24] [25] [26] Urine, blood plasma, sweat, aqueous humour, cerebrospinal fluid, amniotic fluid, seminal plasma, bile and synovial fluid are examples of biofluids that have been investigated by use of NMR. 26) By combining NMR and multivariate statistic methods, it is possible to identify biomarkers of diseases and toxicity. 27, 28) A metabonomic study of fecal extracts from patients with inflammatory bowel disease was recently performed, suggesting that metabonomics has a potential to be used for noninvasive diagnosis of gastrointestinal disease. 29) In a previous study we showed that fecal waters from human healthy volunteers on a vegetarian diet possessed COX-2 inhibitory activity in colonic cells. 13) In the present study a NMR metabolomic approach has been used to study the chemical profile of the contents of the intact fecal waters and the derived water phases.
MATERIALS AND METHODS

Study Design
Twenty-four hour stool samples were collected from 20 vegetarians and frozen below Ϫ20°C, as described elsewhere. 13) Subjects with a regular intake of nonsteroidal anti-inflammatory drugs (NSAIDs) or other anti-inflammatory drugs were excluded from the study. The study protocol was approved by the Medical Ethical Committee of Huddinge University Hospital in Stockholm, Sweden.
Materials Arachidonic acid, aspirin, prostaglandin E 2 , Anti-prostaglandin E 2 , TNF-a, 4-hydroxy-3-methoxycinnamic acid (ferulic acid), 3-phenylpropionic acid, 3-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid, and 3-(4-hydroxy-phenyl)-propionic acid were obtained from Sigma-Aldrich (Stockholm, Sweden Fecal Water Preparation Fecal water from 20 vegetarians was prepared according to a general procedure. Each fecal sample was homogenized for 2 min and fecal water was prepared by centrifugation of 25 g feces for 2 h at 30000ϫg at 10°C. The supernatant was decanted and stored at Ϫ20°C until analysis. All fecal water extracts were sterile filtered (Millipore, 0.8/0.2 mm) and stored at Ϫ20°C until analysis.
Fractionation of Fecal Water Samples In order to characterize the COX-2 inhibitory activity of the fecal waters, these were fractionated into an aqueous and a lipid phase by solid phase extraction (SPE) on a C18 column. Fecal water samples were fractionated as follows: fecal water (0.5 ml) was diluted in water (1 : 10), and applied on a pre-conditioned SPE column (Isolute ® C18 (EC) 500 mg/10 ml, Sorbent, Göteborg, Sweden). The cartridge was then eluted with water (10 ml), and acetonitrile (10 ml, HPLC-grade, Merck, Darmstadt, Germany), to obtain two fractions. The aqueous phase was freeze-dried and the acetonitrile fraction was evaporated to dryness in N 2 gas. The fractions were resuspended in 0.5 ml H 2 O (aqueous phase), and 0.5 ml PBS (lipid phase), respectively. The COX-2 inhibitory effects of the fractions were investigated. All fecal waters were tested for cytotoxicity in the AlamarBlue TM assay to ensure that potential COX-2 inhibitory effects were not due to cell death. Consequently samples with cytotoxic effects (i.e. samples reducing the cell viability with more than 10%) were excluded and also debarred from further fractionation and analysis. Due to variations in fecal water volume from individual subjects the amount of some samples was limited. Hence, only part of the samples could be further fractionated and analyzed.
The aqueous phase of 6 fecal water samples was further divided into 5 new fractions using Sephadex gel chromatography. The freeze-dried residues of the water fractions from the solid phase extraction (SPE) column chromatography were applied to a Sephadex LH-20 gel (Sephadex TM LH-20, Amersham Pharmacia, Uppsala, Sweden) swelled in methanol. The samples were eluted by a step gradient of increasing polarity. Fifty milliliters of eluent was applied and collected in each fraction; pure MeOH, MeOH : H 2 O 3 : 1, MeOH : H 2 O 1 : 1, MeOH : H 2 O 1 : 3. Finally the gel was washed with 100 ml H 2 O. The methanol fractions were evaporated in a rotation evaporator under vacuum and the remaining water was removed by freeze drying. The dried residue from each fraction was re-dissolved in 0.5 ml PBS and evaluated for COX-2 inhibitory activity.
Cell Culture The human colon adenocarcinoma cell line HT-29 (American Type Culture Collection, Rockville, MD, U.S.A.), was cultured in monolayer in DMEM (Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 2 mmol/l L-glutamine, and 1% penicillin/streptomycin) at 37°C and 5% CO 2 . All experiments were carried out using 0.1% DMEM (0.1% FBS). Pure compounds were dissolved in ethanol or DMSO and diluted in 0.1% DMEM (with the final concentration in the cell cultures being maximum 0.25% of ethanol or DMSO).
PGE 2 Production in HT-29 Cells HT-29 cells were seeded out into a 12 well microtiter plate at a concentration of 3.30ϫ10 5 cells/well. On day 2, 100 mmol/l aspirin was added to the media to prevent activation of COX-1. At day 3, the cells were incubated with TNF-a (50 mg/l) and test component (lipid or aqueous fraction of fecal water or pure phenolic compounds) for 5 h. All fecal water fractions were diluted 1 : 20 with DMEM. Pure phenolic compounds were tested in concentrations 250-500 mmol/l. Untreated cells were included in each experiment. At the end of the incubation, the test solution was removed and replaced with 100 mmol/l arachidonic acid. After 1 h incubation the medium was transferred to Eppendorf tubes and stored at Ϫ80°C until analysis. The concentration of released PGE 2 was quantified using RIA, according to the protocol supplied by Sigma Chemical Company, using anti-PGE 2 (Sigma) and 
Quantification of PGE 2 in Fecal Water
The concentration of PGE 2 in intact fecal water was quantified using RIA, according to the protocol supplied by Sigma Chemical Company as above.
Statistical Analysis All data were analyzed with the statistical software Statistica version 7.01 (StatSoft, Tulsa, U.S.A.). Individual results for the fecal water fractions were compared with TNF-a induced cells with Kruskal Wallis test (unequal variance). Results are presented as meanϮS.E.M.
pϽ0.05 was regarded as significant.
NMR and PCA Ten intact fecal waters and 6 aqueous fractions were subjected to NMR analysis. As mentioned previously, the number of samples analyzed was limited due to variation in fecal water volume from different subjects. Prior to analysis, 800 ml KH 2 PO 4 buffer (90 mM, pH 6) containing 0.08% TSP (trimethyl silyl propionic acid sodium salt, w/v) was added to each sample (200 ml of intact fecal water or the aqueous phase of fecal water). Parameters for NMR spectroscopy were previously described by Choi and co-workers. 23, 24) In brief, 1 H-NMR and J resolved spectra were recorded at 25°C on a 400 MHz Bruker AV-400 spectrometer operating at a proton NMR frequency of 400.13 MHz. D 2 O was used as the internal lock. Each 1 H-NMR spectrum consisted of 128 scans requiring 10 min acquisition time with the following parameters: 0.25 Hz/point, pulse width (PW)ϭ90°(6.6 ms), and relaxation delay (RD)ϭ5.0 s. FIDs were Fourier transformed with LBϭ0.3 Hz and the spectra were zero filled to 32 K points. The resulting spectra were manually phased and baseline corrected, and calibrated to TSP at 0.0 ppm, using XWIN NMR (version 3.5, Bruker).
2-D J-resolved
1 H-NMR spectra were acquired using 8 scans per 32 increments that were collected into 16 K data points, using spectral widths of 5208 Hz in F2 (chemical shift axis) and 50 Hz in F1 (spin-spin coupling constant axis). A 1.0 s relaxation delay was employed, giving a total acquisition time of 14.52 min. Datasets were zero-filled to 512 points in F1 and both dimensions were multiplied by sine-bell functions (SSBϭ0) prior to double complex FT. J-resolved spectra were tilted by 45°, symmetrized about F1, and then calibrated, using XWIN NMR (version 3.5, Bruker). Data were exported as the 1D projection (F2 axis) of the 2D J-resolved spectra. The spectral interpretation was confirmed by correlation spectroscopy (COSY), heteronuclear multiple bond coherence (HMBC), heteronuclear multiple quantum coherence (HMQC). H-COSY, HSQC, and HMBC were measured on a 600 MHz Bruker DMX-600 spectrometer operating at a proton NMR frequency of 600.13 MHz. The COSY spectra were acquired with 1.0 s relaxation delay, 6361 Hz spectral width in both dimensions. Window function for COSY spectra was sine-bell (SSBϭ0). The HSQC spectra were obtained with 1.0 s relaxation delay, 6361 Hz spectral width in F2 and 27164 Hz in F1. Qsine (SSBϭ2.0) was used for the window function of HSQC. The HMBC spectra were recorded with the same parameters as the HSQC spectrum except for 30183 Hz of spectral width in F2. The optimized coupling constants for HSQC and HMBC were 145 Hz and 8 Hz, respectively.
The 1 H-NMR and the J-resolved projection spectra were automatically reduced to ASCII files using AMIX (v. 2-D-spectra, the J-resolved NMR technique was useful in many cases by improving the resolution and facilitating identification of the metabolites. Principle component analyses (PCA) were performed with the SIMCA-P software (v. 11.0, Umetrics, Umeå, Sweden). Pareto scaling method was used, which gives each variable a variance numerically equal to its initial standard deviation.
RESULTS
Fractionation of Fecal Waters with COX-2 Inhibitory Activity
The majority of the 16 tested aqueous phases of fecal water significantly inhibited the PGE 2 production in TNF-a stimulated HT-29 cells (Fig. 1) . Three samples (16, 19, 20) showed minor effects. None of the 19 tested lipid fractions of fecal water had an effect on the PGE 2 production (Fig. 1) . To exclude effects due to toxicity, only non-cytotoxic fecal waters were included in the analysis (samples that did not reduce cell viability more than 10%). When the aqueous phase of fecal water was further fractionated by Sephadex column chromatography, the COX-2 inhibiting activity was lost. This result could be due to a synergistic activity of several components. The synergy hypothesis could not be tested due to too small available amount of material.
PGE 2 Levels in Fecal Water
In order to test if the concentration of prostaglandins in fecal water was linked to the COX-2 inhibitory activity of the fecal waters, we analyzed the concentration of prostaglandin E2 in intact fecal waters. The concentration in fecal water ranged from 1900-4200 pg/ml fecal water (Fig. 2) . No correlation between PGE 2 levels in fecal water and inhibitory activity of the intact phase of fecal water could be detected (rϭ0.34).
Chemical Characterization of Fecal Water Samples by NMR Metabolomic Analysis Visual inspection of the 1 H-NMR-spectra of ten fecal water samples resulted in the identification of several components ( Table 1 ). The relative amounts of the compounds identified in the individual fecal waters are presented in Table 1 . Similar metabolomic patterns were observed for all fecal waters tested. The major differences were in the regions of phenolics, amino acids and short chain fatty acids (Tables 1, 2 ). The relative intensities of saturated and unsaturated fatty acids, and phenolic compounds in the fecal waters were compared ( Table 2 ). The complexity of the spectra made complete interpretation impossible. The numerous NMR signals of the fecal waters were reduced by PCA to two principal components (PC1, PC2). The first component explains 39.8% of the variation between the samples and the second component 18.4% (Fig.  3) . The amount of the identified compounds is highly variable within the ten individual vegetarian fecal water samples.
Inhibition of COX-2 by Fecal Water Components
Various combinations of phenolic compounds, previously reported to be found in fecal water, 13) were investigated for their ability to inhibit PGE 2 production in HT-29 cells. The five phenolic compounds; 4-hydroxy-3-methoxycinnamic acid (ferulic acid), 3-phenyl-propionic acid, 3-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid, and 3-(4-hydroxy-phenyl)-propionic acid were tested in different combinations. The five phenolics were tested all together, four and four, three and three and two and two. None of the single phenolic derivatives or any combination thereof had effect on PGE 2 production in cells (data not shown).
DISCUSSION
Despite the fact that many human studies have used fecal water as a tool to test effects of dietary interventions, 30, 31) little is known about the actual composition of fecal water. More is known about the effect of fecal water on cells, and how these effects can be modulated by the diet. 10, 31, 32) We have previously shown that intact human fecal water has the ability to inhibit COX-2 protein expression and PGE 2 production in cells. 13) Many compounds of dietary origin could possibly be responsible for this effect. b-Carotenes, flavonoids and specific fatty acids are dietary components known to act as COX-2 inhibitors in vitro and in animal models. [33] [34] [35] These compounds and/or metabolites thereof are likely to show up in the water phase of feces. It is believed that the local effect in the gastrointestinal tract of such compounds is of more importance than their serum level.
36)
Thus, we considered it of interest to look for natural COX-2 inhibitors in human fecal water. Compounds previously reported to be present in fecal water include; neutral steroids, long and short chain fatty acids, and bile acids. 5, 37, 38) More recently, phenolic compounds were identified in fecal water. 13, 39) Some of the major phenolic derivatives identified inhibited COX-2 protein expression but did not affect PGE 2 production in HT-29 cells. 13) In this study we further characterized the content of fecal water by separation and NMR spectroscopic analysis of a number of samples from vegetarian individuals. The aim was to get a general view of the colonic contents and to identify the components therein. NMR analysis has several advantages for analysis of a complex mixture, such as fecal water; it is possible to compare the content profile from individual samples, compounds that are impossible to detect by ultraviolet spectroscopy (UV) can be detected by use of NMR and the spectral data can be analyzed by multivariate data analysis. NMR metabonomic studies of fecal extracts from humans with inflammatory bowel disease and healthy individuals have previously been performed, 29) but as far as we know metabolomic analysis of fecal water from vegetarians is a new approach. In our study the NMR metabolomic profiles from the individual fecal water samples were similar. The main differences were quantitative variation between spectral peaks. The variation in metabolic profile could depend on the intake of fruit and vegetables or variation in gastrointestinal microflora. The colonic microflora is of importance in the metabolism of dietary phenolic compounds. [40] [41] [42] [43] The ten intact fecal waters analyzed contained a wide range of short chain fatty acids, amino acids, carbohydrates and phenolics. The major metabolites in all samples were; acetic acid, butanoic acid, propanoic acid, alanine and lactic acid ( Table 1) . Small amounts of glycine were also detected. Comparison of NMR spectra from different fecal waters showed that the major differences were in the regions of phenolics, amino acids and short chain fatty acids (Tables 1, 2) . A number of fatty acids occurring in the human diet, including a-linolenic acid, linoleic acid, docosahexaenoic acid and eicosapentaenoic acid as well as ursolic acid have previously been shown to inhibit COX-2 catalysed prostaglandin biosynthesis and markedly inhibited COX-2 in mice and in in vitro experiments. 33, [44] [45] [46] In line with this, olive oil and fish oil, which are complex mixtures of fatty acids have been reported to inhibit COX-2 protein expression. 47) Short chain fatty acids are known to modulate different molecular mechanisms of importance in colon cancer cells 48, 49) and have been extensively studied for their ability to affect colonic function. 50) Butyrate has been shown to suppress COX-2 activity, 51) to increase COX-2 protein expression and to inhibit growth in HT-29 colon cancer cells.
52) The amino acids lysine and proline in combination with ascorbic acid and green tea extract have antitumour properties in animal models. 53) Glycine, which is an anti-inflammatory agent has similar properties. 54, 55) Additionally, the NMR analysis confirmed the presence of phenolics that were previously identified by mass spectrometric analysis. 13) Both in the intact fecal water and in the aqueous phase, the phenolic compounds phenylalanine, 3-phenylpropionic acid, hydroxyl phenyl acetic acid and 3-hydroxy phenyl acetic acid were identified. The quantitative amount of phenolics was not measured in the NMR analysis and can therefore not be directly compared with the amounts previously detected by mass spectrometry. Another compound not previously identified in fecal water is fumaric acid (Table 1) . Fumaric acid is part of the citric acid cycle and is used to treat psoriasis and it also has antitumorigenic properties in animal models. [56] [57] [58] By PCA we attempted to correlate the fecal water composition to COX-2 inhibitory activity of the individual samples. From the analysis we concluded that phenylalanine, short chain fatty acids, alanine, glutamic acid, glycine and lactate were present in higher amounts in samples 5, 7, 9, 10, 13, 14, 15 and 17 whereas the amounts of tyrosine, cytosine and glucose were higher in samples 4 and 8 (Fig. 3) . The variation in COX-2 inhibitory activity of the fecal waters (Table 3) may be related to these differences. However, a more extensive 
Fumaric acid a) The relative concentrations are scaled to internal standard, TSP (0.05% for intact fecal water and 0.10% for water fraction of fecal water). b) Trace amount. c) Phenylpropanoids containing trans olefinic bond (e.g. chlorogenic acid, caffeic acid, or cinnamic acid). d) It might also be interpreted as asparagine. study, including a larger number of samples, is needed to confirm these findings. The major part of the COX-2 inhibitory activity of fecal water was present in the aqueous fraction after SPE, indicating that the active components are polar in nature. The COX-2 inhibitory ability of fecal water cannot be explained by the five tested phenolic compounds alone or in combination, but other phenolics may be contributing to the effect. Differences in diet can affect the metabolites identified in body fluids. [59] [60] [61] [62] Salicyluric and salicylic acids are examples of compounds that are excreted in urine in higher concentrations in vegetarians than in omnivores. 59) Several of the compounds we have identified in fecal water could be of plant origin. Amino acids such as phenylalanine, tyrosine, alanine and glycine, are common in plant material. Fumaric acid, phenylpropanoid, malic acid, glutamic acid and sugars could also be of plant origin. Another possibility is that compounds found in fecal water are excreted from microorganisms in the colon. Microorganisms can influence the composition of the colonic contents in two ways. They have the ability to metabolize ingested compounds and may also contribute by de novo production of molecules in the colon. Short chain fatty acids (i.e. acetate, butyrate, propanoate and lactate) are known to be fermentation products of carbohydrates and amino acids formed by intestinal bacteria. 50 ) Accordingly, the COX-2 inhibitors can possibly originate from the diet or be products or metabolites of the colonic microflora.
NMR analysis of fecal water provides a non-invasive method for analysis of the large bowel status in human subjects. Originally, we choose to initiate a screening study with a group of vegetarians because a diet rich in fruit and vegetables would be more likely to result in high luminal levels of protective agents. In future studies it would be favorable to increase the number of subjects, to monitor the vegetarian diet in detail and to include a control group of omnivores. By comparing NMR metabolomic fingerprints from vegetarians and omnivores, and by testing fecal waters from both groups for COX-2 inhibition in vitro, it would be easier to draw conclusions about active components present in fecal water. With more sample material it would also be possible to pool derived fractions to test synergistic activity. Furthermore, comparing fecal water profiles from groups of different health status could be a promising strategy in the search for colon cancer biomarkers.
In conclusion we characterized the contents of a number of human fecal waters by use of NMR spectroscopy. We found that NMR is a feasible method for studies of fecal water composition although the spectra are very complex. We identified a number of components in human fecal water with reported biological activities. We believe that metabolomic studies of human fecal samples from subjects with different health status, diet and genetic characteristics (metabolomic fingerprinting) can provide useful information about the importance of the colonic contents in healthy and diseased individuals. An interesting target is the identification of the COX-2 inhibitors in fecal water, which originate from diet, and to identify the dietary source of these compounds in order to design new dietary recommendations to decrease colon cancer risk. The NMR signals were reduced to two principal components (PC1, PC2). PC1 explains 39.8% of the variation and PC2 18.4%. Phenylalanine, short chain fatty acids, alanine, glutamic acid, glycine and lactate were present in higher amounts in samples 5, 7, 9, 10, 13, 14, 15 and 17 whereas the amount of tyrosine, cytosine and glucose was higher in samples 4 and 8. Samples 5, 7, 10, 13, 14, 15 and 17 all inhibited COX-2 protein expression in HT-29 colon cancer cells (34-58% inhibition) in our previous study, as presented in Table 3 . Fecal water samples were evaluated for their COX-2 inhibiting properties. Results are presented as meanϮS.E.M., nϭ3. a) These samples were toxic to the cells and gave rise to detachment of cells from the culture plate surface.
